Hox genes encode transcription factors which provide positional information during morphogenesis along the body axis; genetic interaction among Hox genes is thought to be necessary for correct pattern formation. One of the most curious features of the 39 vertebrate Hox genes is that they form four clusters each composed of several genes paralogous between clusters. This raises the question are all four clusters necessary for the development of vertebrates and, if so, what is the function of each cluster? To provide an answer to this question, we prepared Hox C cluster null mice utilizing the Cre-loxP system. Hox C cluster null mice, lacking all nine Hox C genes, die at the time of birth; however, the mutant pups develop to this stage with minor transformations. This development shows that the Hox C genes are dispensable for the overall body plan of mouse embryogenesis. Furthermore, transformations observed in the skeletal system of the Hox C cluster null mice are milder than those observed in the Hoxc-9 null mice, providing further evidence that at least some genes within a cluster exhibit interaction functions with each other.
INTRODUCTION
The expression pattern of Hox genes during embryogenesis has an interesting relationship with their distribution on the chromosomes (Krumlauf, 1994) . Hox genes make a cluster(s) within the 100-to 200-kb region on a chromosome. The most 3Ј gene in a cluster is expressed in the most anterior part of the embryo and genes which reside upstream are expressed more posteriorly. This coordinated relationship between the location of a gene in a cluster and the domain with its expression is conserved from the lower animals, such as the fruit fly, to higher vertebrates as mammals. The lower organisms have only one Hox cluster, whereas vertebrates have four. It is thought that an ancestral Hox cluster was multiplied in accordance with the increase of the complexity of body structures during evolution. Each cluster of mammal Hox genes consists of 9 -11 genes of 13 paralogous gene groups, also showing that clusters were generated by consecutive duplication of one cluster. Paralogous genes not only code very similar proteins but usually share the domain with their expression, suggesting that these genes also share some genetic functions in morphogenesis. In some paralogous groups, it has been shown that paralogous genes have redundant functions; mice with multiple mutations of Hox genes in the same paralogous group tend to show a more severe phenotype than mice with a mutation in a single gene of that paralogous group (Davis et al., 1995; Horan et al., 1995; Chen and Capecchi, 1999) . Hox genes within a cluster display a coordinated expression pattern along the body axis with some overlap. Cross-regulation among Hox genes within a cluster is supposed to be necessary to establish the well-organized expression pattern of these genes (Rancourt et al., 1995; Gould et al., 1997) . Any phenotype caused by a mutation of a gene can be thus modified by adjacent genes in the same cluster, for example, functional redundancy among genes (Davis and Capecchi, 1996; Zákány and Duboule, 1996) . This complex feature of expression and functions of Hox genes makes it difficult to determine or examine cluster specific functions. In order to clarify a Hox-cluster-specific function, we introduced a complete deletion of the Hox C cluster into the mouse genome using a combined method of gene targeting and Cre-mediated site-specific DNA recombination.
MATERIALS AND METHODS
Targeted large deletion in the Hox C cluster. A 4-and a 17-kb genomic DNA fragment of the Hoxc-4 and Hoxc-13 genes, respectively, were cloned from lambda phage library of the 129/sv strain mouse (Stratagene, La Jolla, CA). To construct a targeting vector for the Hoxc-4 gene, the hygromycin B-resistant gene driven by the MC1 promoter followed by a loxP sequence and the promoterless puromycin-resistant gene was inserted into the XhoI site in the homeobox of the Hoxc-4 gene. The vector had a 2.5 kb of 5Ј and a 1.5 kb of 3Ј homologous regions. To construct a targeting vector for the Hoxc-13 gene, a 7.5-kb EcoRI fragment containing the first exon and a 2-kb EcoRI fragment just outside of the homeobox were used as the 5Ј and the 3Ј homologous regions, respectively. The EF1␣ promoter followed by a loxP and the neomycin-resistant gene driven by the PGK1 promoter were inserted between them.
CCE ES cells were electroporated with the Hoxc-13 targeting vector and cultured in the presence of G418 at a concentration of 150 g/ml. G418-resistant clones were screened by PCR with primers 1 and 2 detecting homologous recombinants. The Hoxc-4 gene targeting vector was introduced into ES cells with the targeted insertion in the Hoxc-13 gene, and the cells were selected with 125 g/ml hygromycin B and screened for targeted recombinants by PCR with primers 3 and 4. A Cre recombinase expression vector was introduced into the double-mutated ES cells by electroporation and cells were selected using 0.5 g/ml puromycin. Recombination between loxPs was detected by PCR using primers 5 and 6. Positions of PCR primer pairs for detection of each recombinant are shown in Fig. 1 : primer 1, TCGTGCTTTACGGTATCGCCGCTC-CCGAT; primer 2, CCGCAGTTACTTCGGTAGCATTG-GACTCC; primer 3, GACTCTCGAGGATCATAATCAGCCAT-ACC; primer 4, TATAGAGAAGGTGAGGTGTCACCAGACC; primer 5, ACTGAGTGGGTGGAGACTGAAGTTAGGCC; and primer 6, TGAGGAAGAGTTCTTGCAGCTCGGTGAC. Sequences of PCR primers used for the detection of Hoxc-9 (primers 7 and 8) and Hoxc-10 genes (primers 9 and 10) are as follows: primer 7, CTCACGACAATGAAGACCTCC; primer 8, ATAGACCACA-GACGACTGCG; primer 9, AGCCTCTGCATTGAAGATGC; and primer 10, GTCTTGCTAATCTCCAGGCG.
Generation of the Hox C cluster null mice. Chimeric mice were produced by injecting cells with a targeted deletion of the Hox C cluster into C57BL/6 blastocysts. Reexpanded blastocysts were transferred into pseudo-pregnant females. Resulting chimeric males were mated with C57BL/6 females and germ line transmission was determined by the presence of agouti offspring. DNA from the tail tips of the offspring was analyzed by PCR. Homozygous mutant mice were generated by intercrossing of heterozygous mutant mice.
Histological analyses. For section analysis, tissues and fetuses were fixed in Bouin's fixative, embedded in paraffin, and sectioned at 5 to 10 m thickness. Sections were stained with hematoxylin and eosin. Skeleton analysis was carried out as reported previously (Saegusa et al., 1996) .
RESULTS
The mouse Hox C cluster consists of nine Hox C genes occupying a space of about 130 kb on chromosome 15 (Goto et al., 1993; Peterson et al., 1994) . To remove all Hox C genes, the Cre-loxP system (Gu et al., 1994) was employed (Fig. 1) . Since Hoxc-13 and Hoxc-4 genes reside at either end of the cluster, a targeting vector was made for each of these two genes. LoxP sequences were introduced into the first intron of the Hoxc-13 gene and the homeobox of the Hoxc-4 gene (Figs. 1B and 1C ). An EF1␣ promoter sequence was inserted upstream of the loxP in the Hoxc-13 gene targeting vector. A promoterless puromycin-resistant gene was inserted downstream of the loxP in the Hoxc-4 gene targeting vector. Recombination between the loxPs places the puromycin-resistant gene just downstream of the EF1␣ promoter and makes recombinant cells puromycin resistant.
These vectors were consecutively introduced into CCE ES cells (Robertson et al., 1986) and double-targeted cells were isolated. Cre recombinase was then transiently expressed in these cells by introducing the recombinase expression vector; puromycin-resistant cells were then cloned. If the cells contain both targeting vectors integrated into the same chromosome, the Hox C cluster genes are removed by recombination and digested. These cells become sensitive to both G418 and hygromycin B because the resistant genes for these reagents were placed between the loxP sites ( Fig. 1) . If each targeting vector is integrated into different homologous chromosomes, recombination between two loxPs during the G2 phase of the cell cycle will result in two kinds of recombined chromosomes ; these cells can be distinguished by their G418 resistance. When about 10 7 cells were transfected with the Cre recombinase expression vector, about 10 4 colonies were obtained from intrachromosomal recombination after puromycin selection, whereas about 10 3 were from interchromosomal recombination, with some variation among experiments.
Cells with intrachromosomal recombination, sensitive to G418 and hygromycin B, were used to generate germ line chimeras. The chimeras were mated to C57BL/6 females and produced heterozygous mice. Heterozygous mutant mice appeared normal and were intercrossed to obtain Hox C cluster null mice. Homozygosity of the mutated allele was determined by loss of Hox genes located between the loxPs, such as Hoxc-9 and Hoxc-10 genes (Fig. 1E) . The Hox C cluster null pups were found dead in their cage on the day of birth. No traces of feeding were found, and it was supposed that they died around the time of birth. Homozygous mutants were not found among surviving pups, showing penetrance of the phenotype to be 100%. Homozygous mutants lacked vibrissae in the face (data not shown) as reported in the Hoxc-13 single gene mutant mice (Godwin and Capecchi, 1998) . These phenotypes made it easy to distinguish homozygous mutants from their wild-type and heterozygous littermates. The cause of perinatal death in the Hox C cluster null mice was examined by removing fetuses using caesarian section on the 19th day of gestation. Upon removal, homozygous mutant mice were alive and apparently indistinguishable from their wild-type and heterozygous littermates. Wild-type and heterozygous littermates could start breathing normally; however, homozygous mutant mice could not breathe-although their rib cage moved up and down, they died within 10 min. Homozygous mutant mice died just after delivery. Histological analyses revealed the lungs of wild-type pups to be filled with air and well-expanded alveoli ( Fig. 2A) . The lungs of mutant pups contained little air and alveoli were shrunken 1, 3, 5) or the homozygous mutant (lanes 2, 4, 6) mice, and PCR products were resolved on an agarose gel. By using primers 5 and 6 (lanes 1, 2), a 496-bp product detecting Hox C cluster null allele was recovered when genomic DNA of the homozygous mutant was used as a template. By using Hoxc-9 primers (lanes 3, 4) or Hoxc-10 primers (lanes 5, 6), neither a 180-bp product detecting the Hoxc-9 gene nor a 516-bp product detecting the Hoxc-10 gene were recovered when genomic DNA of the homozygous mutant was used as a template. (Fig. 2B) . These results suggest that there is a defect in the respiratory tract in the Hox C cluster null mice, although no abnormalities were found during histological analysis of the trachea. Gross appearance of other internal organs so far analyzed was normal.
Surprisingly, Hox C cluster null mice, although dying at the time of birth, showed neither a drastic malformation of skeleton (Figs. 3A and 3B ) nor an apparent internal organ defect. Genes within the Hox C cluster are known to be expressed in various tissues such as lung, kidney, and stomach; however, no obvious abnormalities were found in these organs. Development of neural tissues of the Hox C cluster null mice is currently being examined.
Analyses of the Hox C cluster null mice revealed some abnormalities in skeletal formation (Table 1 ). The 10th thoracic vertebra (referred to as the transitional vertebra) is a good marker to analyze homeotic transformation of vertebrae. In the wild-type mice, the neural arch of the thoracic vertebrae anterior to the 10th thoracic vertebra has squareshaped edges, whereas the vertebrae posterior to the 10th thoracic vertebra have round shaped edges. As shown in Fig.  3 , the neural arch of the 10th thoracic to 1st lumbar vertebrae of the Hox C cluster null mice was square shaped, and its 2nd lumbar vertebra resembled the transitional vertebra, resulting in the anterior transformation of neural arches from T10 to L2 (Figs. 3C and 3D ). In spite of anterior transformation of 1st and 2nd lumbar vertebrae, the number of vertebrae bearing ribs was not changed (Figs. 3C and  3D ). Spinus processes posterior to the 10th thoracic vertebra of the wild-type mice protruded rostrally and those anterior to it protruded caudally. If the 10th thoracic to 2nd lumbar vertebrae were transformed anteriorly, they would have spinus processes protruding caudally. However, spinus processes of the Hox C cluster null mice were formed in the same direction as wild-type mice, although they were fused together (Figs. 3E and 3F ). In the wild-type mouse, thoracic vertebrae anterior from the 10th thoracic vertebra have transverse processes, and that of the 10th thoracic vertebra is much smaller than others: the 11th, 12th, and 13th thoracic vertebrae do not have transverse processes. In the Hox C cluster null mice, on the other hand, thoracic vertebrae anterior from the 12th thoracic vertebra have transverse processes, and those of the 12th were much smaller (Figs. 3E and 3F) . Vertebrae in the cervical and anterior thoracic region of the Hox C cluster null mice appeared normal except the spinus process of the 2nd thoracic vertebra. The spinus process of the 2nd thoracic vertebra is prominent in the wild-type mice, but was smaller in the Hox C cluster null mice (Figs. 3G and 3H ). In the null mice, anterior transformation of the transverse process was observed only in the 10th to 12th thoracic vertebrae, but not in the 13th thoracic to the 2nd lumbar vertebrae, whereas anterior transformation of the neural arch was observed in the 10th thoracic to the 2nd lumbar vertebrae. Seventy percent of the Hox C cluster null mice showed anterior transformation of the first sacral vertebra to an additional lumbar vertebra (Figs. 4A and 4B ), but had normal number of sacral vertebrae. This shows that the first caudal vertebra transformed anteriorly at one segment. In the wild-type mice, the 1st to 4th/6th caudal vertebrae have lateral projections, whereas the mutant mice had 1st to 9th/11th caudal vertebrae with lateral projections, as seen in the Hoxc-13 mutant mice (Figs. 4C and 4D) .
As shown in Figs. 5 and 6, abnormal rib formation, such as fusion, bending, and/or increase in number of ribs attached to the sternum, were reported in Hoxc-4, 8, and 9 gene mutant mice (Saegusa et al., 1996; Le Mouellic et al., 1992; Suemori et al., 1995) , whereas ribs of the Hox C cluster null mice were formed normally except for the tips of the floating ribs which were rounded. This could be regarded as anterior transformation of ribs.
The AbdB subfamily genes of the Hox C cluster (Hoxc-9 to Hoxc-13 genes) are expressed in the developing hind limbs. However, no apparent abnormality was found in the limb development of the Hox C cluster null mice.
DISCUSSION
We have introduced a large targeted deletion in the Hox C cluster locus by using Cre-loxP system. Cre-mediated recombination was observed in both interchromosomal and intrachromosomal recombination events. Interchromosomal recombination was about 10 times less frequent than intrachromosomal recombination. Ramírez-Solis and others showed that in Hox B cluster knockouts the efficiency of interchromosomal recombination is about one-thousand times lower than intrachromosomal recombination . This difference in recombination efficiency may be attributable to the difference in the targeted locus, the distance between the two loxP sites, or the qualitative or quantitative difference of Cre recombinase used.
Perinatal death of the Hox C cluster null mutant mice is thought to be attributable to a defect in the respiratory system. Histological analysis revealed no obvious abnormalities in the respiratory tract which were, however, observed in the Hoxa-5 mutants (Aubin et al., 1997) . The diaphragm also looked normal. Mutant mice taken out by caesarian section had rib cage movement reducing the possibility of a neuromuscular defect in respiratory organs. Although the Hoxc-4 and Hoxc-5 genes are expressed in the developing lung, an abnormality was not found in the lung of the Hoxc-4 or Hoxc-5 mutants. Loss of multiple Hox C genes could affect development of the lung; however, de- tailed analysis will be necessary to determine the cause of death of the Hox C cluster mutants. It is surprising that Hox C cluster null mice could develop to term without one of four clusters. Gross appearance of the skeleton and internal organs were almost normal. Malformations in the skeleton were even milder than those observed in some single gene mutant mice of Hox C genes. Six of 9 Hox C cluster genes: Hoxc-4 (Saegusa et al., 1996; Boulet and Capecchi, 1996), Hoxc-5 (Boulet and , Hoxc-8 (Tiret et al., 1998; Le Mouellic et al., 1992) , Hoxc-9 (Suemori et al., 1995), Hoxc-10 (H. Suemori and S. Noguchi, unpublished) , and Hoxc-13 (Godwin and Capecchi, 1998) genes have been knocked out and the resulting phenotypes characterized. The Hoxc-9 mutant mice and Hoxc-4 mutant mice showed rib malformations such as fusion, bending, or branching, but similar malformation of ribs was not observed in the Hox C cluster null mice. The Hoxc-8 and Hoxc-9 mutant mice had eight pairs of ribs attached to the sternum as a result of anterior transformation; the Hox C cluster null mice had a normal number of attached ribs. The Hoxc-8 and Hoxc-9 mutant mice also exhibited anterior transformation of the 1st lumbar vertebra to the 10th thoracic vertebra and had 14 thoracic vertebrae bearing ribs (Suemori et al., 1995) ; the Hox C cluster null mice, as with the wild type, had 13 thoracic vertebrae. In the Hoxc-4 mutant mice, the 7th cervical vertebra had rudimentary ribs, showing posterior transformation of C7. However, posterior transformation was observed neither in C7 nor in other cervical vertebrae of the Hox C cluster null mutants. The malformation of ribs and homeotic transformation of vertebrae was therefore milder in the Hox C cluster null mice than in these Hox C gene single knockout mutants. These somewhat contradictory results might be attributed to insertion of a positive selection marker gene cassette usually used for disruption of a gene. Insertion of the cassette could distort expression of adjacent Hox genes by its promoterenhancer activities. In the case of the Hoxc-4 mutants, sup- pression of the Hoxc-5 gene expression was observed (Boulet and Capecchi, 1996) . Furthermore, deletion of a part or entire sequence of a gene during gene targeting could lead to unexpected loss of control elements of adjacent Hox genes. Both insertion of a positive selection marker gene cassette and deletion in a target gene could cause deregulation and/or hyperactivation of adjacent Hox genes expression. Therefore, the phenotypes of single Hox gene mutants could be the result of the combined effects of loss of the target gene plus the overexpression/misexpression of adjacent genes. In this case, the phenotype of the multiple gene deletion would have a milder phenotype than the summation of the single gene mutant phenotypes. Alternatively, the milder phenotypes of the Hox C cluster deletion mutant could be explained as follows: some of the Hox C genes interact cooperatively in morphogenesis of the thoracolumbar skeleton and loss of function of one gene that acts in concert with other Hox C genes causes a neomorphic transformation; when all nine genes of the Hox C cluster are lost, morphogenesis of the thoracolumbar vertebrae and ribs is conducted solely by Hox genes of other clusters resulting in a nearly complete rescue of skeletal morphogenesis.
The AbdB subfamily genes in the Hox C cluster (Hoxc-9 to Hoxc-13 genes) are expressed in the developing hindlimbs, but not in the forelimbs (Peterson et al., 1994) . These genes are therefore thought to have some functions specifically required in hind limb morphogenesis. However, in the Hox C cluster null mice, malformation of hind limbs was not observed like the cases of Hoxc-9, Hoxc-10, and Hoxc-13 single mutant mice. Our results led us to the conclusion that the Hox C genes are dispensable for correct formation of the hindlimbs.
Medina-Martínez and others have reported analysis of mice lacking Hox B cluster genes except Hoxb-13 gene (personal communication). The Hox B-cluster-deficient mice die at the perinatal stage. The mutant mice also show a series of anterior homeotic transformations along the cervical and thoracic vertebral column; however, a drastic abnormality in embryonic morphogenesis was not observed as in the case of the Hox C cluster null mice. These results suggest that a set of Hox genes in one cluster is enough to carry out overall embryonic body plan and that genes of paralogous groups play complementary role(s) to each other. Alternatively, genes of the Hox A and/or D clusters mainly function in the formation of the body plan and B and C clusters have roles in "fine tuning" of structures. It would be interesting to observe phenotypes of double, triple, or complete Hox cluster knockout mutant mice to help define functions of Hox cluster genes to a greater extent.
